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Description

BACKGROUND OF THE INVENTION
1. Field of the Invention

The present invention relates to a method of detect-
ing the angle of rotation of a DC motor, a method of
detecting the load torque , and an apparatus of detect-
ing the angle of rotation of a DC motor, an apparatus of
detecting the load torque.

2. Description of the related Art

In general, locking can occur in the operation of a
motor when a trouble occurs in a motor itself or in a
transmission mechanism such as a gear for transmitting
power from a motor to a load. If such locking occurs in a
motor used in a steering system of a car, a steering
wheel will be locked, and it will become impossible to
control the operation of the steering system.

One known technique to solve the above problem is
to mechanically isolate the output shaft of the motor
from the steering system by controlling the clutch when
an abnormality is detected in the load torque of the
motor estimated from the driving current and the angle
of rotation or the angular acceleration velocity of the
motor.

In the above technique, when neither the angle of
rotation nor the angular velocity can be detected for
some reason associated with the construction of the
motor controller, the motor is driven by a constant cur-
rent and the load torque is estimated by detecting arma-
ture current.

Fig. 10 illustrates the method of determining the
load torque from the driving current and the angular
velocity of a motor, described in "Motion Control” written
by Dote and Harashima and published in March, 1993,
by Corona Publishing Co. Ltd.

In Fig. 10, a current detector 2 detects a driving cur-
rent supplied from a driving circuit 1 to a motor 3, and an
angular velocity detector 5 constructed with for example
a tachometer generator is connected to the motor 3 in
such a manner as to detect the angular velocity of the
motor 3 on the basis of the load 4 substantially repre-
sented by the torque constant of the motor, disturbing
torque, the inertia of the motor, and viscous friction
coefficient.

The driving current detected by the current detector
2 is supplied to the multiplier of a microcomputer 6
which includes, in addition to the multiplier 61, an adder
62, an operation circuit block 63, and other elements.
The multiplier 61 calculates the product of the driving
current and the torque constant of the motor. The result
is supplied to one of two inputs of the adder 52. On the
other hand, the angular velocity detected by the angular
velocity detector 4 is supplied to the operation circuit
block 63. In the operation circuit block 63, the angular
velocity is multiplied by the predetermined inertia of the
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motor and the resultant product is differentiated. The
differentiated value is then added with the product of the
angular velocity and the predetermined viscous friction
coefficient. The resultant sum is applied to the other
input of the adder 62. The adder 62 subtracts the output
of the operation circuit block 63 from the output of the
multiplier 61. The result is passed through a low-pass
filter 7 composed of for example a first-order delay cir-
cuit. Thus, the output 8 of the low-pass filter 7 presents
an estimated value of the load torque.

The above conventional technique has several
problems as described below.

That is, the above method of detecting the angle of
rotation of a motor needs a dedicated angle detection
device such as an encoder coupled to the motor.

Furthermore, in the conventional method of detect-
ing the load torque of the motor, since the load torque is
estimated while driving a motor by a constant current as
described above, it is required to use a dedicated cur-
rent detector and angular velocity detector such as a
tachometer generator. If the system has no angular
velocity detector such as a tachometer generator or a
motor angle detector such as a potentiometer, it is diffi-
cult to estimate the load torque or the system will be
very expensive even if possible.

For example, it may be possible to detect the angu-
lar velocity by detecting the voltage generated by a
motor. In general, however, when the motor is being
driven, the generated voltage is present in a form of a
mixture with a voltage applied to the motor and it is diffi-
cult to detect the generated voltage separately from the
applied voltage. Therefore, the difficulty in the detection
of the load torque using such the technique results in
complexity and high cost.

Gradual degradation in the performance of a motor
or a gear system and thus a gradual increase in the load
torque are more likely to occur than an abrupt failure
due to for example incorporation of a foreign substance.
Therefore, in the case where a motor is used in the
steering system of a car, it is required to detect the load
torque as accurately as possible to predict a failure in a
car system be fore an actual occurrence. On the other
hand, if a partial short circuit occurs in a coil of a motor,
the torque generated by the motor current decreases for
a certain time period during one rotation. This ununi-
formity in the generated torque will give an uncomforta-
ble feeling to a user driving the car.

Accordingly, it is a general object of the present
invention to solve the above problems. More specifically,
it is an object of the present invention to provide a sim-
ple, inexpensive, and reliable method of detecting the
angle of rotation and the load torque of a motor. It is
another object of the present invention to provide a sim-
ple, inexpensive, and reliable apparatus of detecting the
angle of rotation and the load torque of a motor..

SUMMARY OF THE INVENTION

According to one aspect of the present invention,
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there is provided a method of detecting the angle of
rotation of a DC motor for driving a predetermined load,
the method comprising the steps of: driving the DC
motor with a predetermined driving torque for a prede-
termined driving time period; and calculating the angle
of rotation of the DC motor, on the basis of the voltage
generated by the DC motor after the driving of the DC
motor is stopped. In the above arrangement in which the
angular velocity of the DC motor is detected from the
voltage generated by the DC motor after the driving of
the DC motor is stopped, if the DC motor is driven with
a substantially constant angular acceleration, it is possi-
ble to accurately determine the angle of rotation of the
DC motor from the product of the driving time period
and the angular velocity.

In one form of the invention, the predetermined load
is a steering system of a mobile body, the steering sys-
tem is connected to the DC motor through a clutch to be
steered or provided auxiliary urging during a steering
operation. In this arrangement, it is possible to accu-
rately determine the angle of rotation of the DC motor.
This ensures that when an abnormality is detected in
the angle of rotation of the DC motor, the DC motor can
be isolated from the steering system thereby preventing
the steering system from a bad influence due to the
abnormality.

In another form of the invention, the mobile body is
a vehicle including a clutch control command device for
commanding the connecting or isolating operation of
the clutch, on the basis of the angle of rotation of the DC
motor calculated by a rotation angle calculation device.
In this arrangement, it is possible to accurately deter-
mine the angle of rotation of the DC motor. This ensures
that when an abnormality is detected in the angle of
rotation of the DC motor, the DC motor can be isolated
from the steering system thereby preventing the steer-
ing system from a bad influence due to the abnormality.
This arrangement also ensures that a vehicle system
can operate with high reliability.

In a further form of the invention, the predetermined
driving torque is generated by supplying a current which
increases in proportion to time to the DC motor. In this
arrangement, it is possible to drive any of various types
of DC motors having different moment of inertia so that
the DC motor is driven with a substantially constant
angular acceleration. This makes it possible to accu-
rately determine the angle of rotation of the DC motor.

In still another form of the invention, the method fur-
ther comprises the step of calculating the angle of rota-
tion of the DC motor which occurs when the DC motor is
driven, on the basis of the voltage generated by the DC
motor immediately after the DC motor is driven. In the
above arrangement, it is possible to accurately deter-
mine the angle of rotation of the DC motor which occurs
when the DC motor is driven.

In a further form of the invention, the method further
comprises the step of calculating the angle of rotation of
the DC motor which occurs when the DC motor is not
driven, on the basis of an integral value obtained by
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integrating the voltages generated by the DC motor
after the driving of the DC motor is stopped. With the
above arrangement, it is possible to accurately deter-
mine the angle of rotation of the DC motor which occurs
after the driving of the DC motor is stopped.

In another form of the invention, the method further
comprises the steps of: calculating the angle of rotation
of the DC motor which occurs when the DC motor is
driven, on the basis of the voltage generated by the DC
motor immediately after the DC motor is driven; calcu-
lating the angle of rotation of the DC motor which occurs
when the DC motor is not driven, on the basis of an inte-
gral value obtained by integrating the voltages gener-
ated by the DC motor after the driving of the DC motor
is stopped; and calculating the sum of the angle of rota-
tion which occurs when the DC motor is driven and the
angle of rotation which occurs when the DC motor is not
driven, thereby calculating the overall angle of rotation
including the angle of rotation which occurs when the
DC motor is driven and that which occurs when the DC
motor is not driven. With the above arrangement, it is
possible to accurately determine the overall angle of
rotation which has occurred after starting the driving of
the DC motor.

In another form of the invention, the driving torque
and the driving time period are set to a value equal to or
greater than a predetermined value, respectively, so
that the DC motor rotates by an amount at least equal to
or greater than a predetermined angle when the load
torque of the DC motor is a predetermined value. In this
arrangement, it is possible to ensure that an increase in
the load torque due to incorporation of a foreign sub-
stance can be detected and thus preventing mechanical
locking.

According to another aspect of the present inven-
tion, there is provided a method of detecting the load
torque of a DC motor, the method comprising the step of
calculating the load torque of the DC motor from the
angle of rotation calculated according to the method of
detecting the angle of rotation of a DC motor. In this
method, it is possible to determine the accurate load
torque of the DC motor since the angular acceleration
and the angle of rotation during the driven-state
decrease as the load torque of the DC motor increases.

According to still another aspect of the present
invention, there is provided an apparatus for detecting
the angle of rotation of a DC motor for driving a prede-
termined load, the apparatus comprising: a driving
torque control device for driving the DC motor with a
predetermined driving torque for a predetermined driv-
ing time period; a generated-voltage detection device
for detecting the voltage generated by the DC motor
after the driving of the DC motor is stopped; and a rota-
tion angle calculation device for calculating the angle of
rotation of the DC motor from the voltage generated by
the DC motor. In this arrangement, it is possible to accu-
rately determine the load torque of the DC motor since
the angular acceleration and the angle of rotation during
the driven-state decrease as the load torque of the DC
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motor increases.

In one form of the invention, the driving torque con-
trol device generates a predetermined driving torque by
supplying a current which increases in proportion to
time to the DC motor. In this arrangement, it is possible
to drive any of various types of DC motors having differ-
ent moment of inertia so that the DC motor is driven with
a substantially constant angular acceleration. This
makes it possible to accurately determine the angle of
rotation of the DC motor.

In another form of the invention, the rotation angle
calculation device calculates the angle of rotation of the
DC motor which occurs when the DC motor is driven, on
the basis of the voltage generated by the DC motor
immediately after the DC motor is driven. In the above
arrangement, it is possible to accurately determine the
angle of rotation of the DC motor which occurs when the
DC motor is driven.

In still another form of the invention, the rotation
angle calculation device calculates the angle of rotation
of the DC motor which occurs when the DC motor is not
driven, on the basis of an integral value obtained by
integrating the voltages generated by the DC motor
after the driving of the DC motor is stopped. With the
above arrangement, it is possible to accurately deter-
mine the angle of rotation of the DC motor which occurs
after the driving of the DC motor is stopped.

In a further form of the invention, the rotation angle
calculation device calculates the angle of rotation of the
DC motor which occurs when the DC motor is driven, on
the basis of the voltage generated by the DC motor
immediately after the DC motor is driven, and calculates
the angle of rotation of the DC motor which occurs when
the DC motor is not driven, on the basis of an integral
value obtained by integrating the voltages generated by
the DC motor after the driving of the DC motor is
stopped, and calculates the sum of the angle of rotation
which occurs when the DC motor is driven and the
angle of rotation which occurs when the DC motor is not
driven, thereby calculating the overall angle of rotation
including the angle of rotation which occurs when the
DC motor is driven and that which occurs when the DC
motor is not driven. With the above arrangement, it is
possible to accurately determine the overall angle of
rotation which has occurred after starting the driving of
the DC motor.

In another form of the invention, the driving torque
and the driving time period of the driving torque control
device is set to a value equal to or greater than a prede-
termined value, respectively, so that the DC motor
rotates by an amount equal to or greater than a prede-
termined angle when the load torque of the DC motor is
a predetermined value. In this arrangement, it is possi-
ble to ensure that an increase in the load torque due to
incorporation of a foreign substance can be detected
and thus preventing mechanical locking.

In another form of the invention, the apparatus fur-
ther comprises a DC motor driving device, the DC motor
driving device includes an earthing device for connect-
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ing one of terminals of an armature of the DC motor to
ground, and when the DC motor is not driven, the arma-
ture of the DC motors is connected to ground by the
earthing device, wherein the generated-voltage detec-
tion device detects the voltage generated by the DC
motor with respect to the ground voltage. In this
arrangement, it is possible to allow simplification in the
construction of a circuit for detecting the generated voli-
age, such as an input interface circuit connected to a
microcomputer. Furthermore, the generated voltage
can be measured with higher resolution.

In another form of the invention, the DC motor driv-
ing device includes a bridge circuit consisting of a plu-
rality of switching devices provided between a DC
power supply and the DC motor, for controlling the DC
motor to either a forward or reverse direction, and one
terminal of the DC motor is connected to ground, and
when the DC motor is not driven, a switching device
located on the ground side of the DC power supply is
turned on to function as the earthing device. In this
arrangement, it is possible to allow simplification in the
construction of a circuit for detecting the generated voli-
age, such as an input interface circuit connected to a
microcomputer. Furthermore, the generated voltage
can be measured with higher resolution.

In another form of the invention, the apparatus fur-
ther comprises an alarming device for generating an
alarm, when the angle of rotation of the DC motor calcu-
lated by the rotation angle calculation device is less than
a predetermined value. In this arrangement, it is possi-
ble to notify a user of the event of the abnormal condi-
tion.

According to another aspect of the present inven-
tion, there is provided the apparatus comprises a load
torque calculation device for further calculating the load
torque of the DC motor from the angle of rotation of the
DC motor calculated by the apparatus for detecting the
angle of rotation of the DC motor. In this method, it is
possible to determine the accurate load torque of the
DC motor since the angular acceleration and the angle
of rotation during the driven-state decrease as the load
torque of the DC motor increases.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a circuit diagram partially in block form
illustrating a DC motor controller according to one
embodiment of the present invention;

Fig. 2 is a schematic representation of the opera-
tion of the DC motor controller shown in Fig. 1;

Fig. 3 is a flow chart illustrating the processes per-
formed by the DC motor controller shown in Fig. 1;
Fig. 4 is a circuit diagram partially in block form
illustrating a DC motor controller according to
another embodiment of the present invention;

Fig. 5 is a circuit diagram partially in block form
illustrating a specific example of the circuit configu-
ration of the motor current control means shown in
Fig. 4;
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Fig. 6 is a schematic representation of another
method of supplying a current to a motor;

Fig. 7 is a circuit diagram partially in block form
illustrating a DC motor controller according to still
another embodiment of the present invention;

Fig. 8 is schematic diagram illustrating the con-
struction of an electric motor-driven power steering
system according to another embodiment of the
present invention;

Fig. 9 is a flow chart illustrating the operation of the
control unit shown in Fig. 8; and

Fig. 10 is a block diagram illustrating a system for
estimating the load torque of a DC motor, according
to a conventional technique.

DESCRIPTION OF THE PREFERRED EMBODIMENT

With reference to specific embodiments, the
present invention will be described in further detail
below in conjunction with the accompanying drawings.

EMBODIMENT 1

Fig. 1 illustrates a DC motor controller according to
an embodiment of the present invention.

As shown in Fig. 1, there is provided a microcom-
puter 11 including: a CPU 11a which performs various
kinds of calculations and processes and serves as rota-
tion angle calculation means and load torque calcula-
tion means; a ROM 11b in which a program such as that
shown in Fig. 3 has been stored beforehand; a RAM
11¢ used by the CPU 11a to read and write information
during the calculation processing; an analog-to-digital
converter 11d for converting the armature current of the
DC motor and the generated voltage into digital signals;
a pulse width modulator 11e for modulating the pulse
width of the control signal output from the CPU 11a and
providing the resultant signal as a driving signal; and an
input-output interface circuit 11f for outputting the con-
trol signal output from the CPU 11a as a driving signal.

Furthermore, there is provided an H-type bridge cir-
cuit 12 for driving the DC motor 13, wherein the H-type
bridge circuit 12 includes power MOSFETs 12a-12d
serving as switching devices.

In this bridge circuit, a series connection of FETs
12a and 12b is connected in parallel to a series connec-
tion of FETs 12¢ and 12d, the node Q1 between the
FETs 12a and 12b is connected to a terminal of the DC
motor 13, and the node Q2 between the FETs 12¢ and
12d is connected to the other end of the DC motor 13.

The node between the FETs 12a and 12¢ is con-
nected via a resistor 16 used to detect an armature cur-
rent to a power supply terminal 31 via which a DC
voltage Vg is supplied. The node between the FETs 12b
and 12d is grounded.

The pulse-width-modulated driving signal output
from the pulse width modulator 11e of the microcom-
puter 11 is supplied to the gates of the FETs 12a and
12¢ via a gate driving circuit 14. The driving signal out-
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put from the input-output interface circuit 11f is supplied
to the gates of the FETs 12b and 12d via the gate driv-
ing circuit 14.

The generated voltage V), of the motor 13 obtained
between the nodes Q1 and Q2 is supplied via an input
interface circuit 15 to the analog-to-digital converter
11d, which converts the received voltage signal into a
digital form and supplies the resultant digital signal to
the CPU 11a.

On the other hand, the signal representing the
armature current detected across the resistor 16 is sup-
plied via an input interface circuit 17 to the analog-to-
digital converter 11d, which converts the received signal
into a digital form and supplies the resultant digital sig-
nal to the CPU 11a. In the above circuit, the resistor 16,
the input interface circuit 17 and the analog-to-digital
converter 11d constitute driving torque control means,
and the input interface circuit 15 and the analog-to-dig-
ital converter 11d constitute generated-voltage detec-
tion means. The bridge circuit 12, the gate driving circuit
14, the pulse width modulator 11e and the input-output
interface circuit 11f constitute DC motor driving means.

The operation of the DC motor controller shown in
Fig. 1 will be described below with reference to Figs. 2
and 3.

First, in an on-state, a motor current |, with a pre-
determined magnitude |, is passed along a path in a
direction indicated by a broken-line arrow in Fig. 1 for a
predetermined period of time t; (refer to Fig. 2).

Referring to the flow chart shown in Fig. 3, the
above operation will be described in further detail below.
In step S2, input processing is performed. That is, the
motor current |y, is detected via the resistor 16, and is
applied to the CPU 11a via the input interface circuit 17
and the analog-to-digital converter 11d. Thus, the
detected value of the motor current Iy, is input to the
CPU 11a.

In step S4, the motor current |y, is adjusted so that
the motor current Iy, becomes equal to the target current
I1 which has been set in step S3. The above adjustment
is performed using the feedback control technique and
the duty ratio of the signal output from the pulse width
modulator 11e is determined to a proper value.

Step S5, which will be described later, is skipped
and the process goes to step S6 to perform an output-
ting process. That is, the FETs 12b and 12¢ are turned
off and the FET 12a is driven in a PWM fashion. The
FET 12d is turned on (and driven with a constant duty
ratio) thereby controlling the magnitude and the direc-
tion of the current flowing through the DC motor 13. In
the above operation, the FETs 12a and 12d may be
driven either simultaneously or separately by a PWM
driving signal.

The above operation is continued for a period of
time t1 .

Then all the FETs 12a-12d are turned off so as to
stop the supply of current to the DC motor 13, and the
rotation angle 64 is calculated from the voltage V4 which
is generated by the DC motor 13 after the supply of cur-
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rent to the DC motor has been stopped. This process
will be described in further detail below with reference to
the flow chart shown in Fig. 3.

In step S3, the target current 1, is set to zero. As a
result, all the FETs 12a-12d are turned off in step S6. In
this state, the voltage V), between the nodes Q1 and Q2
is input to the CPU 11a via the input interface circuit 15
and the analog-to-digital converter 11d. The above volt-
age V), is read in the inputting process in step S2, and
thus the generated voltage V of the DC motor 13 or the
back electromotive force which occurs when the DC
motor 13 rotates by inertia is determined.

In the next processing cycle, the rotation angle 64 of
the DC motor 13 during a driven state is calculated in
step S5 from the above generated voltage V, and the
driving time period t4, as will be described in further
detail below.

The process in step S5 of calculating the rotation
angle 64 in the driven state performed as follows.

When a predetermined current |, is passed through
the DC motor 13, if the associated with the friction of
bearings of the DC motor 13 and other terms which are
proportional to the velocity are neglected, the following
equations (1) and (2) hold:

T-T, =J-do/dt (1)
T=kqel, @
® = do /dt @)

where T denotes the motor driving torque, T, the load
torque of DC motor 13, J the moment of inertia of the
motor,  the angular velocity of the motor, Kt the torque
constant of the motor, and 6 the angle of rotation of the
motor.

If it is assumed here that the load torque T_ is con-
stant and furthermore the initial velocity of the DC motor
13 is zero, then the angular velocity @ of the motor
obtained when a predetermined period of time t; has
elapsed can be determined from equations (1) ad (2) as
represented by equation (4):

o=t (kely-TON 4)

From equations (3) and (4), the rotation angle 64 of

the motor after the elapse of predetermined time t{ is
given by the following equation (5):

0=ty (kyely-T 2= @t,/2 (5)

If it is assumed here that back electromotive force

coefficient is given by K¢, then the following equation (6)

in terms of the voltage V), generated by the motor is

obtained:

®y=V,/Kg (6)

Substituting equation (6) into equation (5) gives:
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0,=V 1,2Ks @)

Since K¢ on the right-hand side of equation (7) is a
constant, if t; and V4 are given then the rotation angle 64
in the driven state can be determined.

Now the method of calculating the rotation angle 6-
in the non-driven state in step S5 will be described
below. The angle of rotation 8, which occurs during a
period of time t, after stopping the supply of current to
the motor is given from equation (3) as:

92 =It1 t2(,0 dt (8)

Thus, if the angular velocities ., measured at
sampling time intervals of At, are given, then the angle
of rotation 6 is given by the following equation (9):

92=0)12+0)22+0)32+ "'+0)n2 (9)

If equation (6) is substituted into equation (9), then

equation (9) becomes:

O =(Viog+ Vo + Vg + 2= » +V,)/Ks (10)

Since K¢ on the right-hand side of equation (10) is
a constant, if Ap and V,, are given then the rotation
angle of the motor in the non-driven state can be deter-
mined.

That is, the rotation angle 65 is given by the sum of
the products of the coefficient 1/K and the generated
voltages V), of the motor measured at intervals of Ap.

The overall rotation angle from the start of supply-
ing the driving current until the time t, after stopping the
supply of the driving current is given as the sum of 64
and 6,.

From the rotation angle 64 of the motor, the load
torque can be calculated as follows.

Equation (5) described above can be rewritten in
terms of T_ into the following form:

T =kpely-2J+0,+11,° (11)

Since K1 and J in equation in (11) are a constant, if
l4, t1, and 04 are given then the load torque T, can be
determined. If the load torque T, becomes excessive or
Kt is decreased (shorted), it can be detected as a
decrease of 6.

That is, if the driving current |1 supplied to the DC
motor 13 and the driving time period t{ are selected so
that no inconsistency occurs even when abnormal devi-
ation occurs in the load torque, then the voltage Vs,
which is generated by the motor when the predeter-
mined time t» has been elapsed after stopping the sup-
ply of the current to the motor, decreases with the
increasing load torque T as shown in Fig. 2. Thus, the
rotation angle 6, of the motor and the load torque T_
can be determined as shown in Fig. 2.

Referring again to the flow chart in Fig. 3, step S1is
an initialization step in which the peripheral devices
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such as the analog-to-digital converter 11d are initial-
ized, and step S7 is a waiting step in which a proper
waiting time is provided so that the elapsed times t; and
t> may be measured correctly and thus the series of the
above-described processing steps may be repeated
correctly at predetermined time intervals.

In the present embodiment, as described above,
the DC motor controller can accurately determine the
angle of rotation and the load torque of the DC motor 13
from the voltage generated by the DC motor 13 without
using an angular velocity detector such as a tachometer
generator. If the series of the processing steps
described above is performed at least once after start-
ing the motor controller, that is, only if the DC motor 13
is turned on for a short time without continuously main-
taining the DC motor 13 in an on-state for a long time, it
is possible to detect a serious failure in the DC motor 13
before the failure leads to locking in the operation. In the
event of such a failure, fail-safe processing will be per-
formed. As a result, the reliability is greatly improved.
Furthermore, the technique of the present embodiment
makes it possible to control the DC motor 13 in accord-
ance with the load torque T, .

EMBODIMENT 2

Fig. 4 illustrates a DC motor controller according to
a second embodiment of the present invention. In Fig.
4, equivalent or similar parts to those in Fig. 1 are
denoted by similar reference numerals, and will not be
described here in further detail. In the specific embodi-
ment described above with reference to Fig. 1, the
motor current I, is controlled substantially by means of
software. Instead, in this second embodiment, there is
provided a motor current control means 18 whereby the
motor current Iy is controlled by means of hardware.
Therefore, the microcomputer 11a used in this embodi-
ment no longer has a pulse width modulator 11e such
as that employed in the microcomputer 11 of the first
embodiment. Instead, the pulse width modulator is
incorporated in the motor current control means 13. The
other parts are similar to those shown in Fig. 1.

Fig. 5 illustrates a specific circuit implementing the
motor current control means 18.

As shown in Fig. 5, the motor current control means
18 includes: a digital-to-analog converter 18a by which
the target current to be passed through the motor, which
is set by a CPU 11a via an input-output interface circuit
111, is converted into an analog voltage V4; a motor cur-
rent detector 18b which converts the motor current Iy,
into a voltage V»,; a motor current control circuit 18c
which includes for example an operational amplifier OP
and a capacitor C and which controls the output voltage
V3 so that the voltage V, becomes equal to the voltage
Vy; a pulse width modulator 18d which converts, by
means of comparison of triangular waveforms, the out-
put voltage V3 of the motor current control circuit 18c
into a pulse signal with a predetermined duty ratio; and
a gate driving circuit 18e which receives the pulse signal
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from the pulse width modulator 18d and supplies a driv-
ing signal corresponding to the received pulse signal to
the FETs 12a and 12c¢.

With the motor current control means 18 having the
above construction, the FETs 12a and 12¢ are driven by
means of the PWM technique so that the current actu-
ally passing through the DC motor 13 becomes equal to
the target current set by the CPU 11a.

Thus the present embodiment not only has the
advantage, as the first embodiment described above
with reference to Fig. 1, that it is possible to accurately
detect the rotation angle and the load torque T, but also
has the advantage that the microcomputer 11A no
longer has to perform step S4 by means of software.
This allows a reduction in the amount of processes per-
formed by the microcomputer 11A. Therefore, the
microcomputer 11A may be of a less expensive type.

EMBODIMENT 3

In the first embodiment described above, the driv-
ing current |1 and driving time period t{ can be set to
arbitrary values without particular limitations. However,
if these values are set so that an rotation angle 6 equal
to or greater than for example 360° is obtained in the
rotation of the DC motor 13 or in the rotation of a reduc-
tion gear connected to the DC motor 13 even when the
load torque T becomes smaller than a predetermined
value, then it becomes possible to more surely detect an
increase in the load torque T|_ due to for example incor-
poration of a foreign substance into the gear or motor
system.

In this embodiment, as described above, when the
load torque T is smaller than the predetermined value,
the rotation angle of the DC motor 13 or the rotation
angle of the reduction gear connected to the DC motor
13 becomes greater than the predetermined value. This
makes it possible to more surely detect an increase in
the load torque due to for example incorporation of a for-
eign substance.

EMBODIMENT 4

In the previous embodiments, the driving current |4
is set to a constant value. Instead, the driving current I,
may be varied with time. For example, the driving cur-
rent |4 may be varied in accordance with a ramp function
as shown in Fig. 6. In this case, equations (5) and (11)
are modified into equations (12) and (13), respectively,
as represented below:

0y =t, 2(kpely-T)2J =04t ,/2 (12)

T =kpely-2J0,-14,2 (13)
where |, is a current value when a last driving is
performed.
In the case where the driving current |4 is set to a
constant value, the target value of the motor current Iy,
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changes in a step fashion, and thus overshooting can
occur in the current depending on the setting of the driv-
ing current and the driving time, and also on the design
of the current control system (feedback control system).
The overshoot can produce an error in the detected
torque. In the present embodiment, as opposed to the
previous embodiments, the target current of the motor is
changed at a small rate with time, that is, the motor cur-
rent is gradually increased toward the final value for a
period of time t1 by means of feedback control so that no
overshoot occurs without producing the problems which
can occur in the previous embodiments.

In the present embodiment, as described above,
the target current of the motor is changed at a small rate
with time thereby preventing the error in the detection of
torque due to overshoot of current.

EMBODIMENT 5

In the previous embodiments, when the voltage
generated by the DC motor 13 is measured, all the
FETs 12a-12d are turned off. However, the voltage gen-
erated by the DC motor 13 may also be detected in a
state in which only the two FETs 12b and 12d on the
ground side are turned off.

For example, after passing a motor current Iy,
through the motor 13 in a driven state, the FET 12a is
turned off while maintaining the FETs 12b and 12¢ in
the off-states and the FET 12d in the on-state. In this
state, if the voltage V), shown in Fig. 1 is measured,
then the resulting positive voltage V), with respect to the
ground voltage gives the voltage generated by the DC
motor 13.

In the previous embodiments, the interface circuit
15 is required to include a differential amplifier (not
shown) to detect the differential voltage between the
two terminals of the DC motor 13 in the state in which
the FET 12d is turned off. In the present embodiment, in
contrast, since one terminal of the DC motor 13 is
grounded via the FET 12d, the generated voltage can
be detected only by measuring the voltage at the termi-
nal of the DC motor 13 opposite to the terminal con-
nected to the FET 12d with respect to the ground
voltage. Therefore, the present embodiment no longer
needs the differential amplifier. This allows simplifica-
tion in the construction of the input interface circuit 15.

Furthermore, in the previous embodiments, since
the voltage between the two terminals of the DC motor
13 is measured in the state in which the FET 12d is
turned off, the measurable voltage range is half the ref-
erence voltage of the analog-to-digital converter 11d.
For example, when the reference voltage of the analog-
to-digital converter 11d is 5 V, then the measurable volt-
age range is as narrow as from 0 to 2.5 V. In the present
embodiment, on the other hand, since the FET 12d is
turned on and the voltage is measured relative to the
ground voltage, the full range from 0 to 5 V can be uti-
lized in the measurement and thus the voltage gener-
ated by the DC motor 13 can be measured with
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correspondingly higher resolution.

EMBODIMENT 6

Fig. 7 illustrates a DC motor controller according to
a sixth embodiment of the present invention. In this sixth
embodiment, as opposed to the previous embodiments
in which the DC motor 13 can be driven in either forward
or reverse direction, the DC motor 13 can be driven only
in one direction. In Fig. 7, equivalent or similar parts to
those in Fig. 1 are denoted by similar reference numer-
als, and they are not described here in further detail.

In this embodiment, as shown in Fig. 7, one end of
a DC motor 13 is grounded while the other end is con-
nected to a power supply terminal 31 via a series con-
nection of a switching device such as a PNP transistor
20 and a resistor 16 used to detect the armature current
wherein PNP tfransistor 20 is connected so that the cur-
rent flows between its collector and emitter. The base of
the transistor 20 is connected to motor current setting
means realized by for example a digital-to-analog con-
verter 19 so that a driving signal is supplied from the
digital-to-analog converter 19 to the transistor 20.

A flywheel diode 21 is connected in parallel to the
DC motor 13. The voltage obtained at the node between
the DC motor 13 and the collector of the transistor 20 is
supplied to an analog-to-digital converter 11d via an
input interface circuit 15. The analog-to-digital converter
11d converts the received signal into a digital signal,
and supplies the resultant digital signal to a CPU 11a.

Now the operation will be described below.

First, the CPU 11a sets a target current, and sup-
plies a voltage V, corresponding to the target current to
the base of the transistor 20 via an interface circuit 11f
and the digital-to-analog converter 19. If the transistor
20 has a sufficiently high current gain by means of for
example the Darlington connection, and the base cur-
rent Ig is negligibly small compared to the emitter cur-
rent Iz and the collector current I, then the motor
current Iy, flowing through the DC motor 13 can be writ-
ten as:

Im=lg=lg=(Vg-Vge-V4)Rg (14)
where Vg is the base-emitter voltage of the transistor
20, and Rg is the resistance of the resistor 16. There-
fore, if the power supply voltage Vg, the base-emitter
voltage Vgg, and the resistance Rg are all constant,
then the DC motor 13 is driven by a constant current
which can be controlled by the voltage V,. In this
embodiment, since one end of the DC motor 13 is
grounded, if the positive voltage V), relative to the
ground voltage is measured after stopping the supply of
the current to the DC motor, then the resulting voltage
gives the voltage V> generated by the DC motor 13.

Thus in this embodiment the rotation angle 6 and
the load torque of the DC motor 13 can be calculated
from the generated voltage V> and the elapsed time
after the supply of current is stopped, according to the
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process shown in the flow chart of Fig. 3 (step S4 is
skipped in this embodiment).

Thus in the present embodiment, it is possible to
accurately detect the rotation angle 6 and the load
torque T even in the case where the DC motor 13 is
driven in a single direction. Furthermore, the microcom-
puter 11A no longer has to perform step S4 shown in
Fig. 3, and thus the microcomputer 11A may be of an
inexpensive type. Still furthermore, since the voltage is
measured with respect to the ground voltage, the gener-
ated voltage of the DC motor 13 can be measured with
higher resolution.

EMBODIMENT 7

Fig. 8 is a schematic diagram illustrating the con-
struction of an electric motor-driven power steering sys-
tem for use in a car or the like, including a DC motor
controller according to any of the previous embodi-
ments. In Fig. 8, similar parts to those in Fig. 1 are
denoted by similar reference numerals. As shown in Fig.
8, the electric motor-driven power steering system
includes: a steering wheel 22; a steering shaft 23 con-
nected to the steering wheel 22; a torque sensor 24 for
measuring the torque of the steering shaft 23; a clutch
25 for mechanically connecting or isolating a DC motor
to or from the steering shaft 23 via a reduction gear 26;
a latch shaft 27 for connecting the steering shaft 23 to
wheels; a control unit 28 for controlling the DC motor 13
and the clutch 25 on the basis of the signals output from
the torque sensor 24 and other elements. In this sys-
tem, the control unit 28 corresponds to the DC motor
controller in the previous embodiments.

The electric motor-driven power steering system
further includes a battery 29 for supplying electric power
to the control unit 28 and other elements, and an ignition
switch 30 disposed between the battery 29 and the con-
trol unit 28. Although the electric motor-driven power
steering system also includes clutch control means for
controlling the operation of connecting and isolating the
clutch 25, it is not shown in Fig. 8.

Referring to the flow chart shown in Fig. 9, the oper-
ation of the control unit 28 will be described below.

If the ignition switch 30 is turned on, initialization
associated with the control unit 28 is performed in step
S11. In the next step S12, the clutch 25 is turned off
thereby mechanically isolating the DC motor 13 from
the steering shaft 23. Then in step S13, the rotation
angle 0 and the load torque T of the DC motor 13 are
detected and checked as described above.

When the DC motor 13 is mechanically isolated
from the steering shaft 23, if the angle of rotation does
not reach the predetermined threshold angle, or if the
load torque T is found to be abnormal, then the proc-
ess goes to step S16 in which the fail-safe processing is
performed so that the turning-on of the clutch and the
supply of current to the DC motor 13 are prohibited in
the following operation.

In the case where no abnormality is detected in
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step S13, the process goes to step S14 in which the
clutch 25 is turned on thereby mechanically connecting
the DC motor 13 to the steering shaft 23. Then in step
815, the power steering operation is controlled on the
basis of the signals output from the torque sensor 24 or
other elements.

In the present embodiment, as described above, it
is possible to surely detect a failure which will lead to
locking in the steering wheel by measuring the rotation
angle 6 or the load torque T|_ at least once after starting
the control unit 28 of the power steering system. Thus,
the present embodiment provides high reliability in the
power steering system.

EMBODIMENT 8

Although in the embodiment described above with
reference to Fig. 8 the clutch 25 is located between the
DC motor 13 and the reduction gear 26, the clutch 25
may be located anywhere as long as the location allows
the clutch 25 to mechanically connect and isolate the
DC motor 13 to and from the steering shaft 23.

For example, if the clutch 25 is disposed between
the reduction gear 26 and the steering shaft 23, it will
also be possible to detect a failure due to incorporation
of a foreign substance into the reduction gear system.

In the specific example shown in Fig. 8, only the
torque sensor is provided as means of detecting the
conditions of the car. Other means of detecting the car
speed, the angle of the steering wheel, or other condi-
tions of the car may also be provided. This will provide
the user or the driver of the car with the ability to more
comfortably steering the car. More specifically, a pulse
generator may be provided and the repetition period of
the pulse generated by the pulse generator may be
detected by the CPU thereby detecting the car speed. A
potentiometer may also be provided so that the CPU
can determine the angle of the steering wheel from the
output of the potentiometer.

Furthermore, there may also be provided an alarm-
ing device such as a buzzer or a lamp to notify the driver
of an event of a failure. In the event of such a failure, the
alarming device is driven in the fail-safe processing in
step S16 shown in Fig. 9.

EMBODIMENT 9

In this ninth embodiment, it is checked whether the
clutch 25 is in an off-state and the car speed is suffi-
ciently low before performing the detection of the rota-
tion angle 6 and the load torque T of the motor 13 in
step S13 of the flow chart shown in Fig. 9. If and only if
the above check has been passed successfully and
thus it has been found that the DC motor 13 can be
turned on without any safety risk, the process goes to
step S13 to detect the rotation angle 6 and the load
torque T of the motor.

This prevents the possibility that when a failure has
occurred and the clutch 25 is locked in the on-state due
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to the failure, the wheels are steered as a result of the
operation of detecting the rotation angle 6 and the load
torque T, . Even if the wheels are steered, as car speed
is low, the influence exercised to on the behavior of a
vehicle is small, thus, sufficient safety can be achieved.
Thus, the present embodiment provides higher reliabil-
ity in the power steering system.

EMBODIMENT 10

In the flow chart shown in Fig. 9, the rotation angle
and the load torque T, of the DC motor 13 are checked
only once after starting the control unit 28. Instead, in
this tenth embodiment, the rotation angle and the load
torque T of the DC motor 13 are checked a plurality of
times when the clutch 25 is in an off-state.

For example, the rotation angle and the load torque
T_ of the DC motor 13 may be checked when a car
stops at a stopping signal. This makes the system more
reliable in detection of a failure associated with the DC
motor 13.

Although in the flow chart shown in Fig. 9 the rota-
tion angle 6 and the load torque T of the DC motor 13
are checked in step S13 after turning off the clutch 25 in
step S12, the rotation angle 6 and the load torque T of
the DC motor 13 may also be checked while maintaining
the clutch 25 in the on-state in the case where the
reduction gear 26 has a sufficiently high reduction ratio
and thus no significant change occurs in the steering
angle of the wheels when the DC motor 13 is driven to
detect the rotation angle 6 or the load torque T, .

If the rotation angle 6 and the load torque T, of the
DC motor 13 are checked while maintaining the clutch
25 in the on-state, it becomes possible to detect an
increase in the load torque due to incorporation of for-
eign substance into the reduction gear system or the
clutch system.

EMBODIMENT 11

In the above embodiment, it is assumed that a DC
motor with brushes is employed. Instead, a brushless
type DC motor may also be employed in the present
invention. The rotation angle or the load torque of the
motor may be detected in a similar manner also in this
case. A DC motor may be employed various types of
motor, for example, a series motor or a compound
motor.

Furthermore, although the invention is applied to a
car steering system in the previous embodiments, the
invention may also be applied to other types of mobile
bodies such as a two-wheeled vehicle, ship, etc.

Claims
1. A method of detecting the angle of rotation of a DC

motor (13) for driving a predetermined load, said
method comprising the steps of:
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10

driving said DC motor with a predetermined
driving torque for a predetermined driving time
period; and

calculating the angle of rotation of said DC
motor, on the basis of the voltage generated by
said DC motor after the driving of said DC
motor is stopped.

A method of detecting the angle of rotation of a DC
motor, according to Claim 1, wherein said predeter-
mined load is a steering system of a mobile body,
said steering system is connected to the DC motor
through a clutch (25) to be steered or provided aux-
iliary urging during a steering operation, and said
mobile body is a vehicle including a clutch control
command device for commanding the connecting
or isolating operation of said clutch, on the basis of
said angle of rotation of said DC motor calculated
by a rotation angle calculation device (11a).

A method of detecting the load torque of a DC
motor, said method comprising the step of:

further calculating the load torque of said DC
motor from said angle of rotation of said DC
motor calculated by the method of detecting
the angle of rotation of the DC motor, according
to Claim 1.

An apparatus for detecting the angle of rotation of a
DC motor for driving a predetermined load, said
apparatus comprising:

a driving torque control device (16,17,11d) for
driving said DC motor with a predetermined
driving torque for a predetermined driving time
period;

a generated-voltage detection device (15,11d)
for detecting the voltage generated by said DC
motor after the driving of said DC motor is
stopped; and

a rotation angle calculation device (11a) for cal-
culating the angle of rotation of said DC motor
from said voltage generated by said DC motor.

An apparatus for detecting the angle of rotation of
the DC motor, according to Claim 4, wherein said
predetermined load is a steering system of a mobile
body, said steering system is connected to the DC
motor through a clutch (25) to be steered or pro-
vided auxiliary urging during a steering operation,
and said mobile body is a vehicle including a clutch
control command device (28) for commanding the
connecting or isolating operation of said clutch, on
the basis of said angle of rotation of said DC motor
calculated by a rotation angle calculation device.

An apparatus for detecting the angle of rotation of
the DC motor, according to Claim 4, wherein said
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rotation angle calculation device calculates the
angle of rotation of said DC motor which occurs
when said DC motor is driven, on the basis of the
voltage generated by said DC motor immediately
after said DC motor is driven, and calculates the
angle of rotation of said DC motor which occurs
when said DC motor is not driven, on the basis of
an integral value obtained by integrating the volt-
ages generated by said DC motor after the driving
of said DC motor is stopped, and calculates the
sum of said angle of rotation which occurs when
said DC motor is driven and said angle of rotation
which occurs when said DC motor is not driven,
thereby calculating the overall angle of rotation
including the angle of rotation which occurs when
said DC motor is driven and that which occurs when
said DC motor is not driven.

An apparatus for detecting the angle of rotation of
the DC motor, according to Claim 4, wherein the
driving torque and the driving time period of said
driving torque control device is set to a value equal
to or greater than a predetermined value, respec-
tively, so that said DC motor rotates by an amount
equal to or greater than a predetermined angle
when the load torque of said DC motor is a prede-
termined value.

An apparatus for detecting the angle of rotation of
the DC motor, according to Claim 4, further com-
prising a DC motor driving device (12,14,11e,111),
wherein said DC motor driving device includes an
earthing device for connecting one of terminals of
an armature of said DC motor to ground, and when
said DC motor is not driven, said armature of the
DC motors is connected to ground by said earthing
device, wherein said generated-voltage detection
device detects the voltage generated by said DC
motor with respect to the ground voltage, and said
DC motor driving device includes a bridge circuit
consisting of a plurality of switching devices (12a -
12d) provided between a DC power supply and said
DC motor, for controlling said DC motor to either
forward or reverse direction, and one terminal of
said DC motor is connected to ground, wherein
when said DC motor is not driven, a switching
device located on the ground side of said DC power
supply is turned on to function as the earthing
device.

An apparatus for detecting the angle of rotation of
the DC motor, according to Claim 4, further com-
prising an alarming device for generating an alarm,
when the angle of rotation of said DC motor calcu-
lated by said rotation angle calculation device is
less than a predetermined value.

An apparatus for detecting the load torque of a DC
motor, comprising a load torque calculation device
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11

for further calculating the load torque of said DC
motor from the angle of rotation of said DC motor
calculated by the apparatus for detecting the angle
of rotation of the DC motor, according to Claim 4.
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